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        Introduction 
  During vertebrate gastrulation, internalized mesodermal cells 
undergo C  &  E movements in a region-specifi  c manner (  Myers 
et al., 2002 ). In the zebrafi  sh gastrula, the lateral mesodermal cells 
converge medially by directed migration at increasing speeds as 
they migrate closer to the nascent axial mesoderm (  Myers et al., 
2002  ). In the dorsal region where strong extension movements 
are accompanied by limited convergence (  Myers et al., 2002  ; 
  Glickman et al., 2003  ), the axial mesodermal cells engage in 
mediolateral (ML) intercalations to achieve similar rates of con-
vergence, but threefold higher extension than the adjacent pre-
somitic mesoderm (PSM) ( Wood and Thorogood, 1994 ;  Glickman 
et al., 2003  ). As revealed by pioneering work of Keller and 
colleagues, ML intercalations also mediate C  &  E of the meso-
dermal tissues in   Xenopus laevis   (  Wilson et al., 1989  ;   Wilson 
and Keller, 1991  ). However, the cell movement behaviors that 
distinguish the C  &  E rates of the PSM from the axial mesoderm 
are not well characterized. 
  In vertebrates, noncanonical Wnt signaling, the equivalent 
of the   Drosophila melanogaster   planar cell polarity (PCP) path-
way that polarizes cells within the plane of epithelium (  Klein 
and Mlodzik, 2005  ), serves as the key regulator of C  &  E move-
ments during gastrulation (  Wallingford et al., 2000, 2002  ;   Myers 
et al., 2002  ). Two noncanonical Wnt signaling components, 
the heparan sulfate proteoglycan Knypek/Glypican4 (Kny) 
(  Topczewski et al., 2001  ), and the transmembrane protein Trilobite 
(Tri)/Strabismus (Stbm)/Van Gogh-like 2 (Vangl2) (  Jessen et al., 
2002  ;   Jessen and Solnica-Krezel, 2004  ), control the ML cell 
elongation and alignment that are essential for the planar cell 
behaviors that drive C  &  E, including directed migration and ML 
intercalation (  Topczewski et al., 2001  ;   Jessen et al., 2002  ;   Lin 
et al., 2005  ). We previously reported that C  &  E movements of the 
PSM are reduced in   kny   and   tri   individual mutants, and largely 
inhibited in   kny;tri   double mutants (  Henry et al., 2000  ;   Yin and 
Solnica-Krezel, 2007  ), whereas the underlying cellular defects 
are not fully understood. 
  How does noncanonical Wnt signaling establish the ML 
cell polarity during C  &  E movements? In the fl  y wing epithelium, 
  D
uring vertebrate gastrulation, convergence and 
extension (C  &  E) movements narrow and lengthen 
the embryonic tissues, respectively. In zebraﬁ  sh, 
regional differences of C  &  E movements have been ob-
served; however, the underlying cell behaviors are poorly 
understood. Using time-lapse analyses and computational 
modeling, we demonstrate that C  &  E of the medial pre-
somitic mesoderm is achieved by cooperation of planar and 
radial cell intercalations. Radial intercalations preferen-
tially separate anterior and posterior neighbors to promote 
extension. In   knypek;trilobite   noncanonical Wnt mutants, 
the frequencies of cell intercalations are altered and 
the anteroposterior bias of radial intercalations is lost. 
This provides evidence for noncanonical Wnt signaling 
polarizing cell movements between different mesodermal 
cell layers. We further show using ﬂ  uorescent fusion pro-
teins that during dorsal mesoderm C  &  E, the noncanonical 
Wnt component Prickle localizes at the anterior cell edge, 
whereas Dishevelled is enriched posteriorly. Asymmetri-
cal localization of Prickle and Dishevelled to the opposite 
cell edges in zebraﬁ  sh gastrula parallels their distribution 
in ﬂ  y, and suggests that noncanonical Wnt signaling de-
ﬁ  nes distinct anterior and posterior cell properties to bias 
cell intercalations.
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image velocimetry (PIV) analysis (  Fig. 1  ; see Materials and 
methods) (  Raffel et al., 1998  ;   Supatto et al., 2005  ). The PIV al-
gorithm generates a displacement fi  eld based on local correlation 
calculations between two consecutive images, allowing visual-
ization of the velocity fi  eld of the movements. To validate this 
method for cell movement analyses in zebrafi  sh, we manually 
tracked the cell movements within different regions of the 
time-lapse images that were analyzed by PIV (unpublished data). 
The movement patterns observed by manual cell tracking are con-
sistent with the PIV results (unpublished data), indicating that PIV 
is a valid approach for cell movement analyses in zebrafi  sh. 
  PIV analyses of the wild-type (WT) gastrula revealed that 
cells at different positions of the fi  eld exhibited distinct speeds 
and directions of movements (  Fig. 1, B and C  ). In the axial me-
soderm, ML cell movements were toward the fi  eld center, whereas 
AP movements were away from the center. Cells located away 
from the center moved faster than those that were closer to the 
center (  Fig. 1 C  ) (  Glickman et al., 2003  ). In the PSM, all cells 
moved toward the midline, with the more laterally located cells 
moving faster than the medial ones (  Fig. 1 C  ). Interestingly, we 
frequently observed a transient lack of mirror symmetry between 
the cell movements within the left and right PSM (  Fig. 1, B and C  ), 
possibly due to the local heterogeneities caused by the dynamic 
and complex cellular behaviors involved in C  &  E. Compared 
with the cells in the axial mesoderm, the PSM cells exhibited 
less anterior or posterior bias in their movement directions, pro-
viding a possible mechanism for the lower extension rate of the 
PSM compared with the axial mesoderm. 
  To identify the cellular defects that impaired the C  &  E 
movements in   kny;tri   double mutants, we acquired time-lapse 
recordings and performed PIV analyses on the equivalent dorsal 
mesodermal cell populations in the double mutants as in WT 
( Fig.  1,  D – F ). The   kny;tri   cells migrated at reduced speeds (  Fig. 1 F  ; 
WT: total speed = 44.8   ±   8.5     m/h, net dorsal speed = 14.5   ±   
6.2     m/h, 320 cells/10 embryos;   kny;tri   double mutants: total 
speed = 42.1   ±   6.0         m/h, net dorsal speed = 9.7   ±   6.2    m/h,  299 
cells/10 embryos; P   <   0.04). The stereotyped cell movement 
patterns seen in WT were largely lost in the double mutants (  Fig. 1, 
E and F  ), consistent with the notion that noncanonical Wnt sig-
naling regulates long-range coordination of cell movement 
behaviors essential for generating effi  cient C  &  E. 
  C  &  E movements of the medial PSM use 
several distinct cellular behaviors 
  The different C  &  E patterns in the axial and presomitic meso-
derm likely refl  ect different underlying cell behaviors. C  &  E 
movements of the axial mesoderm are driven by ML cell inter-
calation, whereby ML cell rearrangements narrow the tissue 
mediolaterally and lengthen it anteroposteriorly (  Glickman 
et al., 2003 ). In this study, we monitored the movements of a small 
PSM cell population within six-cell diameters from the axial me-
soderm throughout the time-lapse recordings. The fi  rst forming 
somitic boundary was used as a landmark to ensure that equivalent 
cell populations were analyzed in different embryos. The tissue 
shape changes were calculated based on the changes in the 
average numbers of cells along the AP and ML dimensions (see 
Materials and methods). In WT, the analyzed cell population 
asymmetrical localization of PCP components is crucial for cell 
polarization. Upon activation of the PCP pathway, Frizzled 
receptor and the docking protein Dishevelled (Dsh) become 
enriched at the distal cell membrane (  Strutt, 2002  ), whereas 
Stbm/Vangl2 recruits the intracellular protein Prickle (Pk) to 
the proximal cell membrane to suppress Frizzled and Dsh on the 
proximal side (  Adler, 2002  ;   Tree et al., 2002  ;   Jenny et al., 2003  ). 
In   X. laevis,   Dsh was shown to be enriched at the ML tips of 
the intercalating cells in the dorsal marginal zone explants 
(  Kinoshita et al., 2003  ). Pk, on the other hand, was reported to 
be localized at the anterior cell edges in the Ascidian notochord 
(  Jiang et al., 2005  ), as well as in the zebrafi  sh notochord and 
neural tube cells during somitogenesis ( Ciruna et al., 2006 ). Despite 
of these initial studies, the localization of noncanonical Wnt 
components has not been well studied during vertebrate gastrula-
tion. Moreover, the molecular mechanisms by which noncanonical 
Wnt signaling polarizes cells during C & E and to what degree these 
mechanisms are similar to those used in the fl  y PCP are still un-
clear. Indeed, the localization of Dsh at the ML tips and Pk at the 
anterior cell edges contrasts the situation in   D. melanogaster,  
where Dsh and Pk are localized at the opposite cell edges, sug-
gesting that distinct molecular mechanisms are involved in fl  y 
and vertebrates. 
  Here, we used time-lapse analyses and computational 
simulations to demonstrate that in the zebrafi  sh gastrula, C  &  E 
movements of the medial PSM are achieved by cooperation of 
polarized planar and radial cell intercalations. The radial inter-
calations preferentially separate anterior and posterior neigh-
boring cells, thus contributing to anisotropic tissue extension. 
In   kny;tri   C  &  E mutants, the anteroposterior (AP) bias of radial 
intercalations is lost, providing the fi  rst evidence that non-
canonical Wnt signaling controls polarized cell behaviors between 
different mesodermal cell layers. By overexpressing fl  uorescent 
fusion proteins, we reveal that during the dorsal mesoderm C  &  E, 
the noncanonical Wnt component Pk is localized at the anterior 
cell edges, whereas Dsh is enriched near the posterior cell mem-
brane, arguing for the conservation of underlying molecular 
mechanisms between fl  y and vertebrates. We therefore propose 
that noncanonical Wnt signaling defi  nes distinct properties of 
the AP and ML cell edges to bias the orientation of planar and 
radial intercalations driving C  &  E. 
  Results 
  Patterns of C  &  E movements in the PSM 
during zebraﬁ  sh gastrulation 
  To obtain insight into the mechanisms underlying the different 
C  &  E movement patterns in the axial and presomitic mesoderm 
during zebrafi  sh gastrulation, we made Nomarski time-lapse re-
cordings between 95% epiboly (9 h post fertilization, hpf) and 
the one-somite stage (10.5 hpf). The fi  eld of view covered the mid-
dle portion of both tissues, with the axial mesoderm in the center, 
juxtaposed by the PSM (  Fig. 1 A  ). At this stage, the PSM con-
tains on average three cell layers along the dorsoventral axis (un-
published data), and our time-lapse analyses were focused on the 
intermediate layer of the PSM. To gain a quantitative description 
of the cell movements in the entire fi  eld, we applied particle 223 COOPERATION OF GASTRULATION CELL BEHAVIORS   •   YIN ET AL.
and decreases it in the ML dimension, thus contributing to both 
convergence and extension (  Keller et al., 2000  ). At a low fre-
quency (4%) we observed lateral intercalation, in which a cell 
intercalates laterally, thus counteracting convergence (Video 1). 
Whereas lateral intercalation was also rare in   kny;tri   double mu-
tants (4%), the frequency of medial intercalation was greatly 
reduced in the double mutants compared with WT (  Fig. 2 B  ), 
consistent with the crucial contribution of medial intercalation to 
C  &  E movements (  Keller et al., 2000  ;   Solnica-Krezel, 2006  ). 
  Once a cell intercalates medially, it leaves behind an empty 
space (  Fig. 2 B  ). In WT, the lateral neighboring cell fi  lled the 
space left by the intercalating cell in 96% of the observed medial 
intercalation events (  n   = 73) (  Fig. 2 B  ). We interpret this result to 
mean that medial is the favored movement direction for the PSM 
cells, and name this bias a   “  medial preference  ”  . In   kny;tri   double 
mutants, although fewer medial intercalations occurred, the PSM 
cells still exhibited an obvious medial preference: in 88% of the 
observed events (  n   = 41), the lateral neighbor fi  lled the empty 
space generated by medial intercalation. Therefore, the double-
mutant cells were able to distinguish between the medial and 
lateral directions and preferentially moved medially. This is 
narrowed mediolaterally and extended anteroposteriorly during 
the recording (  Fig. 1, G, H, and K  ) (  Yin and Solnica-Krezel, 
2007  ). In contrast, C  &  E movements of the equivalent medial 
PSM cell population were severely impaired in   kny;tri   double 
mutants (  Fig. 1, I  –  K  ) (  Yin and Solnica-Krezel, 2007  ). 
  We manually tracked the positions of individual cells 
within the analyzed cell population throughout the time-lapse 
recordings. In WT, cells frequently exchanged neighbors while 
migrating medially (  Fig. 2 A  ). In   kny;tri   double mutants, fewer 
cell rearrangements were observed compared with WT. Whereas 
60% of the analyzed cells in the double mutants (320 cells/
10 embryos) moved medially without any neighbor exchanges, 
such behavior was observed only for 34% of the equivalent WT 
cells (299 cells/10 embryos). Toward identifying the cellular be-
haviors underlying the neighbor exchanges, we observed two types 
of planar cell intercalation behaviors that occur within the ana-
lyzed cell layer. In the predominant planar intercalation behav-
ior, medial intercalation, a cell intercalates medially to separate 
two AP neighboring cells (  Fig. 2 B  ; Video 1, available at http://
www.jcb.org/cgi/content/full/jcb.200704150/DC1). Medial inter-
calation simultaneously increases cell number along the AP axis 
  Figure 1.       Patterns of C  &  E movements in the axial and presomitic mesoderm.   (A and D) Lateral views of live embryos at the one-somite stage (10.5 hpf). 
The regions where the time-lapse recordings were taken are indicated by brackets. (B and E) Snapshots of PIV analyses of C  &  E movements at the one-somite 
stage, showing the tissue displacements within a 9-min time window. Dorsal views, anterior to the top. Arrows indicate the direction of cell movements, 
whereas the length of the arrows represents the movement speed. (C and F) Same images as shown in B and E, except that different movement speeds 
are presented in a color-coded manner. Purple lines delineate the axial mesoderm. (G  –  J) Snapshots of the analyzed medial PSM cell population at the 
beginning and the end of the time-lapse recordings. Dorsal views, anterior to the top. Red arrows illustrate the maximum length and width of the analyzed 
cell population when the time lapse started. (K) Quantiﬁ  cation of the tissue shape changes (Materials and methods). 10 embryos of each genotype were 
analyzed. Error bars represent the standard error. *, P   <   0.05; **, P   <   0.005, mutant vs. WT. A, anterior; P, posterior; Axial, axial mesoderm. Bars: 
(A and D) 100     m; (B, C, E, F, and G  –  J) 20     m.     JCB • VOLUME 180 • NUMBER 1 • 2008  224
(  Wilson et al., 1989  ;   Wilson and Keller, 1991  ), and was shown 
to contribute to tissue extension at the posterior edge of the 
somitic mesoderm in   X. laevis   neurula explants (  Wilson et al., 
1989  ). Keller and colleagues thus hypothesized that radial inter-
calation should be polarized to produce an anisotropic tissue 
expansion, whereby tissue expands more along one dimension 
than another (  Wilson et al., 1989  ;   Wilson and Keller, 1991  ). 
Our examination of C  &  E movements during zebrafi  sh gastrulation 
revealed three types of radial intercalations when a cell enters a 
different cell layer within the PSM (Video 2, available at http://
www.jcb.org/cgi/content/full/jcb.200704150/DC1). First, co-
ordinated radial/medial intercalation: a cell enters the analyzed 
cell layer at random positions, but immediately intercalates 
medially (  Fig. 2 C  ). This behavior introduces new cells in the AP 
dimension, thus contributing to AP extension. Only at low fre-
quency (  <  4%,   Fig. 2 F  ), we observed coordinated radial/lateral 
intercalation that occurred in the opposite direction. Second, radial 
AP intercalation: a new cell intercalates, taking a position be-
tween two anterior and posterior neighbors (  Fig. 2 D  ). This behav-
ior also promotes AP extension. Third, radial ML intercalation: 
a new cell intercalates, separating two medial and lateral neigh-
bors (  Fig. 2 E  ). This behavior leads to ML expansion, thus 
counteracting C  &  E movements. Interestingly, WT cells exhib-
ited a strong bias toward the behaviors that promote AP extension: 
consistent with the notion that instructive signals other than non-
canonical Wnt signaling provide cues to defi  ne the directionality 
of C  &  E movements (  Sepich et al., 2005  ;   Solnica-Krezel, 2006  ). 
  To date, most described cellular behaviors contributing to 
C  &  E occur within a plane of a single cell layer (  Keller et al., 
2000  ;   Myers et al., 2002  ). Interestingly, we noted PSM cells en-
tering or leaving the analyzed mesodermal cell layer during C  &  E 
(  Fig. 2 A  ). The frequencies of both cell entry and exit events were 
reduced in the double mutants (entry, 14%; exit, 13%) compared 
with WT (entry, 21%; exit, 21%; P  <  0.05). To enter or leave a cell 
layer, cells move between the cells in a deeper or more superfi  cial 
layer, so-called radial intercalation behavior (  Keller et al., 2003  ). 
Radial intercalation is best known for its role in epiboly move-
ments that spread and thin the blastoderm during gastrulation 
(  Warga and Kimmel, 1990  ;   Keller et al., 2003  ). We did not ob-
serve evident changes in the total cell number or thickness of the 
analyzed medial PSM during the recordings of WT or double-
mutant embryos, probably because the cell entry and exit events 
occurred at comparable frequencies, thus balancing each other. 
  During epiboly, radial intercalation occurs in a random 
fashion with respect to the AP and ML embryonic axes, result-
ing in isotropic tissue expansion (  Warga and Kimmel, 1990  ; 
  Keller et al., 2003  ). However, radial intercalation was also ob-
served during the AP tissue elongation in the early frog gastrula 
  Figure 2.       C  &  E movements of the medial PSM entail 
multiple cell intercalation behaviors.   (A) Schematic of the 
analyzed cell population in WT. Dorsal views. Cells leav-
ing the analyzed layer during the recording are shown 
in blue; cells entering the layer are shown in red. Six cells 
are assigned numbers to illustrate the signiﬁ  cant neighbor 
exchanges. (B  –  E) Schematics and frequencies of planar 
medial intercalation, coordinated radial/medial intercala-
tion, radial AP intercalation, and radial ML intercalation, 
respectively. Medial is to the left. (F) Frequencies of the 
three types of radial intercalations listed in C  –  E in WT, 
  kny;tri   double mutants, and embryos injected with syn-
thetic RNA encoding Xdd1. (B  –  F) Error bars represent 
the standard error. A, anterior; M, medial. *, P   <   0.05; 
**, P   <   0.005, mutant vs. WT.     225 COOPERATION OF GASTRULATION CELL BEHAVIORS   •   YIN ET AL.
  Computational modeling predicts that 
multiple cell intercalation behaviors 
cooperate to underlie the medial PSM C  &  E 
  Our observation of multiple cell intercalations occurring during 
the medial PSM C  &  E is unexpected and contrasts the previous 
reports that C  &  E movements within each distinct region of the 
zebrafi  sh gastrula are driven by one predominant cell movement 
behavior (  Myers et al., 2002  ). Hence, it is important to under-
stand the relative contribution of different intercalation behav-
iors to C  &  E movements. Direct in vivo analyses cannot address 
this issue because cells are engaged in various movement be-
haviors simultaneously, and are changing shape, size, and pro-
trusive activities over time. Computational models have been 
used to assess how individual components of a complex biolog-
ical system interact with each other to produce a specifi  c result 
(  Endy and Brent, 2001  ). Therefore, we developed a computa-
tional model to query the contributions of individual cell inter-
calation behaviors to C & E and to investigate whether the defects 
in cell intercalations accounted for the impaired C  &  E move-
ments in   kny;tri   double mutants. Previous computational stud-
ies have evaluated the roles of cellular adhesion, protrusive 
activities, and cell shape changes in C  &  E (  Weliky et al., 1991  ; 
  Zajac et al., 2003  ;   Brodland, 2006  ). In this work, we did not aim 
to achieve a comprehensive model of C  &  E movements. Rather, 
we queried the contribution of cell rearrangements to this pro-
cess independent of other variables, and assumed that cells did 
not change shape or size in the simulation. Because only one or 
two proliferation events were observed in the analyzed popula-
tions in WT and the double mutants during the time-lapse re-
cordings (unpublished data), we did not include cell divisions in 
the simulation. The simulation initiated with 48 cells arranged 
in a two-dimensional 6   ×   8 lattice, representing the layer of the 
analyzed cell population in vivo (  Fig. 3 A  ). The probabilities of 
among the cells entering the analyzed layer, 35% of them under-
went coordinated radial/medial intercalation, 53% performed 
radial AP intercalation, but only 9% entered by means of radial 
ML intercalation (  Fig. 2, C  –  F  ). In   kny;tri   double mutants, the 
frequencies of both coordinated radial/medial intercalation and 
radial AP intercalation were reduced compared with WT (  Fig. 2, 
C and D  ). Conversely, there was a signifi  cant increase in the fre-
quency of radial ML intercalation in the double mutants (  Fig. 2 E  ). 
Therefore, the bias of radial intercalations toward the types 
that promote AP extension was largely lost in   kny;tri   mutants 
(  Fig. 2 F  ). To test whether the AP bias of radial intercalations 
requires noncanonical Wnt signaling in general, we examined 
the cell intercalation behaviors in embryos expressing Xdd1, a 
truncated form of   X. laevis   Dsh that specifi  cally blocks non-
canonical Wnt pathway and impairs C  &  E movements in frog 
and zebrafi  sh (  Wallingford et al., 2000  ;   Jessen et al., 2002  ). Simi-
lar to the observations in   kny;tri   double mutants, in the Xdd1-
expressing embryos, the frequency of radial ML intercalation 
was greatly increased and the AP bias of radial intercalations 
was lost (  Fig. 2 F  ; 5 embryos, 164 cells). 
  We also investigated whether the events of cells leaving 
the analyzed layer occurred in a polarized manner. Arguing 
against this notion, WT cells exited the analyzed layer from 
between either their AP or ML neighbors at similar frequencies 
(61 exit events; Video 3, available at http://www.jcb.org/cgi/content/
full/jcb.200704150/DC1), and the double-mutant cells did not 
behave differently from WT (43 exit events; unpublished data). 
  In summary, our time-lapse analyses showed that several 
polarized cellular behaviors, including planar medial and polar-
ized radial intercalations, occurred during and likely contributed 
to the C  &  E movements of the medial PSM. In   kny;tri   double 
mutants where both intercalation behaviors were affected, the 
tissue morphogenesis was greatly compromised. 
  Figure 3.       Computational modeling of cell inter-
calation behaviors during the medial PSM C  &  E.   
(A) Tissue shape changes predicted by the control 
simulation. Each blue block represents a single 
cell. (B) Quantitative comparison of the C  &  E rates 
calculated from the WT time-lapse analyses and 
the control simulations. Error bars represent the 
standard error. P   >   0.3, simulated results vs. in vivo 
observation. (C  –  F) Comparison of the results from 
the control simulations and the simulations in 
which the cell behaviors were modiﬁ  ed based on 
the   kny;tri   double-mutant data in one of the four 
ways: reducing the total amount of intercalations 
(C); increasing radial ML intercalation (D); reduc-
ing planar medial, radial AP, and coordinated 
radial/medial intercalations (E); and reducing 
planar medial, radial AP, and coordinated radial/
medial intercalations, while increasing radial ML 
intercalation (F). 20 independent simulations were 
performed for the control and each modiﬁ  cation. 
Error bars represent the standard error. A, ante-
rior; M, medial. *, P   <   0.05; **, P   <   0.005; ***, 
P   <   0.0005.     JCB • VOLUME 180 • NUMBER 1 • 2008  226
cooperate to contribute to C  &  E of the medial PSM. Notably, 
modifi  cation of intercalation behaviors alone in the simulation 
caused less severe C  &  E defects compared with our observa-
tion in   kny;tri   double mutants (  Fig. 3 F  ), revealing that addi-
tional cellular defects may impair the medial PSM C  &  E in the 
double mutants. 
  Non-canonical Wnt components Pk 
and Dsh are localized asymmetrically 
in the dorsal mesoderm during C  &  E 
gastrulation movements 
  Our modeling analyses indicate that the medial PSM C  &  E is 
achieved by the cooperation of planar medial and polarized 
radial intercalation behaviors. It is noteworthy that both inter-
calation behaviors preferentially separate anterior and posterior 
neighbors in one cell layer (  Fig. 2, B  –  E  ). This suggests that 
within the same cell layer, the contacts between AP neighboring 
cells may be different from the ML neighbor contacts, provid-
ing a mechanism for the preferential separation of anterior and 
posterior neighbors during cell intercalations. In embryos defi  -
cient in noncanonical Wnt signaling, cells underwent fewer me-
dial intercalations and lost the AP bias of radial intercalations 
(  Fig. 2 F  ). We therefore propose that noncanonical Wnt signal-
ing is required not only for the ML orientation and elongation of 
the mesodermal cell body and the elaboration of ML cellular 
protrusions (  Wallingford et al., 2000  ;   Topczewski et al., 2001  ; 
  Jessen et al., 2002  ), but also for defi  ning unique properties of 
anterior and posterior cell edges that bias the orientation of pla-
nar and radial intercalations. 
 In   D. melanogaster  , PCP components are localized asym-
metrically to defi  ne planar cell polarity ( Tree et al., 2002 ;  Bastock 
et al., 2003  ;   Klein and Mlodzik, 2005  ). To identify the molecular 
signature of anterior and posterior cell edges that contribute to the 
biased cell intercalations during zebrafi  sh C & E and investigate 
the involvement of noncanonical Wnt signaling, we examined 
the localization of noncanonical Wnt components at the end of 
gastrulation. A GFP-tagged fl  y Pk fusion protein (  Jenny et al., 
2003  ;   Jiang et al., 2005  ;   Ciruna et al., 2006  ) has been shown to 
localize at the anterior edge of the notochord and neural tube 
cells in zebrafi  sh during somitogenesis (  Ciruna et al., 2006  ). 
Two zebrafi  sh   pk   genes,   pk1   and   pk2  , are expressed in the dor-
sal gastrula during late gastrulation. Whereas   pk2   transcript  is 
enriched in the axial mesoderm,   pk1   expression is fi  rst detected 
in the axial and presomitic mesoderm at late gastrulation, but 
becomes restricted to the PSM during early somitogenesis 
(  Carreira-Barbosa et al., 2003  ;   Veeman et al., 2003  ). Thus, the 
dynamic expression of   pk   genes in the axial and presomitic me-
soderm during gastrulation might be correlated with the differ-
ent patterns of C  &  E movements in these two tissues. To study 
the subcellular localization of Pk during zebrafi   sh  C & E,  we 
mosaically expressed the fl  y GFP-Pk fusion protein by RNA 
injection and collected confocal images of the dorsal mesoderm 
in live embryos at the tailbud stage (10 hpf), when the axial 
and medial PSM cells are mediolaterally elongated and undergo 
active cell intercalations (  Myers et al., 2002  ;   Glickman et al., 
2003 ).  The  fl  y GFP-Pk fusion protein was previously shown 
to be functional during zebrafi  sh gastrulation, but could cause 
specifi  c intercalation behaviors that each cell would perform in 
the simulation were based on the frequencies obtained from the 
time-lapse analyses. Neighbors of the intercalating cells would 
move to accommodate intercalation events in directions accord-
ing to the in vivo observations. The C  &  E rates of the simulated 
tissue were assessed by the changes in the average cell numbers 
along the AP and ML dimensions from the beginning to the end 
of the simulation. The detailed rules implemented in the simula-
tion are described in the Materials and methods. 
  To determine whether the observed cell intercalations are 
capable of producing C  &  E, we applied the frequencies of inter-
calation behaviors observed in WT to the simulation. The re-
sulting C  &  E rates were consistent with the in vivo analyses 
(  Fig. 3 B  ; P   >   0.3), indicating that the cell behaviors and rules 
implemented in the simulation are suffi  cient to generate C  &  E of 
the medial PSM. 
  Our time-lapse analyses of   kny;tri   double mutants cor-
related the impaired C  &  E movements with signifi  cant reduction 
of cell rearrangements and changes in the frequencies of indi-
vidual intercalation behaviors. First, to examine whether the 
overall reduction of cell intercalations was responsible for the 
C  &  E defects in the double mutants, we increased the probability 
of cells   “  not intercalating  ”   to the double-mutant level (from 34 
to 60%), while preserving the WT ratios for the relative proba-
bilities of individual cell intercalations. This modifi  cation did 
not signifi  cantly reduce the C  &  E rates (  Fig. 3 C  ; P   >   0.07), re-
vealing that fewer cell intercalations alone cannot account for 
the defective C  &  E in   kny;tri   double mutants. 
  To investigate the contribution of individual intercalation 
behaviors to C  &  E, we modifi  ed the probability of one behavior 
at a time by applying the double-mutant data, and assessed how 
each modifi  cation affected the simulation result. We identifi  ed 
three types of radial intercalations by which cells entered a dif-
ferent cell layer within the PSM: coordinated radial/medial inter-
calation, radial AP intercalation, and radial ML intercalation. 
WT cells exhibited a strong bias for the fi  rst two behaviors that 
promote AP extension, and such bias was lost in the double mu-
tants (  Fig. 2 F  ). When we increased the probability of radial ML 
intercalation to the double-mutant level in the simulation, the 
resulting convergence rate was signifi  cantly reduced compared 
with the control simulation, whereas extension was only mod-
estly affected (  Fig. 3 D  ; P   >   0.2). Therefore, limiting radial ML 
intercalation is essential for convergence, but not extension. 
  Planar medial intercalation, radial AP intercalation, and 
coordinated radial/medial intercalation promote AP extension, 
and their frequencies were decreased in   kny;tri   double mutants 
(  Fig. 2  ). Although reducing the probabilities of these behaviors 
independently in the simulations only caused a mild reduction of 
extension (P   >   0.1; unpublished data), modifi  cation of all three 
behaviors in a single simulation specifi  cally blocked tissue ex-
tension (  Fig. 3 E  ). Thus, these three behaviors contribute addi-
tively to the extension of the medial PSM. 
  Finally, when the probabilities of both planar medial and 
polarized radial intercalations were modifi  ed in the same simu-
lation, convergence was greatly reduced and extension was 
completely inhibited in the simulated tissue (  Fig. 3 F  ). This in-
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  kny;tri   double mutants lacking the functions of both molecules, 
GFP-Pk fails to be recruited to the membrane. The anterior 
localization of GFP-Pk was also greatly reduced in the embryos 
expressing dominant-negative Dsh, Xdd1 ( Fig. 4, G and H ). This 
is consistent with the observation in the fl  y wing that Pk fails to 
distribute asymmetrically in the   dsh   mutant background (  Tree 
et al., 2002  ), and further supports the notion that the anterior 
localization of Pk during zebrafi  sh C  &  E is dependent on the 
normal transduction of noncanonical Wnt signaling. 
  In the fl  y wing epithelium, Stbm/Vangl2 and Pk are dis-
tributed at the proximal cell membrane, forming a complex that 
antagonizes the Frizzled/Dsh complex localized at the distal 
cell membrane (  Tree et al., 2002  ;   Klein and Mlodzik, 2005  ). 
To examine the subcellular localization of Dsh during zebrafi  sh 
C  &  E, we expressed GFP-tagged   X. laevis   Dsh in a mosaic fash-
ion without causing obvious effect on the ML elongation and 
orientation of the labeled cells (Fig. S1) (  Rothbacher et al., 
2000  ;   Wallingford et al., 2000  ). In agreement with the notion 
that activation of the PCP pathway promotes Dsh recruitment to 
the cell membrane (  Wallingford et al., 2000  ;   Adler, 2002  ;   Klein 
and Mlodzik, 2005  ), GFP-Dsh was mainly expressed along the 
cell membrane in the dorsal mesoderm at the tailbud stage 
(10 hpf) (  Figs. 5, A and G  ; Fig. S2, available at http://www.jcb.org/
cgi/content/full/jcb.200704150/DC1), when noncanonical Wnt 
signaling regulates C  &  E movements of this tissue (  Myers et al., 
2002  ). The juxtamembrane localization of GFP-Dsh was cor-
related with the ML elongation of the dorsal mesodermal cells 
( Fig.  5,   E,  F,  E   , and F    ). Surprisingly, in the axial mesoderm, 
64% of the labeled cells showed enrichment of GFP-Dsh spe-
cifi  cally along the posterior cell membrane, opposite to where 
GFP-Pk was localized (  Fig. 5,   A, A    , and G). In   kny   individual 
C  &  E movement defects upon overexpression (  Ciruna et al., 
2006  ), which is also typical for other PCP pathway components 
such as Tri/Stbm/Vangl2 (  Jessen et al., 2002  ). We injected a 
low dose of synthetic RNA into the embryos so that the GFP-
Pk expressed did not detectably alter the ML cell polarity (see 
Materials and methods; and Fig. S1, available at http://www
.jcb.org/cgi/content/full/jcb.200704150/DC1). In the axial me-
soderm and medial PSM of the WT embryos, GFP-Pk was ex-
pressed in dynamic puncta next to the anterior cell membranes 
(  Fig. 4,   A [arrows] and H; Video 4, available at http://www.jcb
.org/cgi/content/full/jcb.200704150/DC1), similar to its distribu-
tion in the notochord and neural tube cells during somitogenesis 
(  Ciruna et al., 2006  ). Two observations link the asymmetrical 
subcellular distribution of GFP-Pk to the cell polarity that is 
dependent on noncanonical Wnt signaling. First, the anterior 
localization of GFP-Pk was correlated with the ML elongation 
of the dorsal mesodermal cells (  Fig. 4 C  , arrows), as the GFP-
Pk puncta were distributed randomly within these cells at 75% 
epiboly (8 hpf) before they became mediolaterally elongated 
(  Fig. 4 B  , arrow) (  Myers et al., 2002  ). Second, in   kny   and   tri  
individual mutants, the GFP-Pk puncta were not restricted to 
the anterior cell membranes (  Fig. 4, D and E   [arrows], and H), 
whereas in  kny;tri  double mutants, GFP-Pk was mainly detected 
in the cytoplasm (  Fig. 4, F and H  ). Extending the previous ob-
servation that the anterior localization of GFP-Pk puncta is abol-
ished in the neural tube cells in maternal-zygotic   tri   mutants 
(  Ciruna et al., 2006  ), we found that the anterior localization of 
GFP-Pk requires both Kny and Tri function. In   kny   and   tri   indi-
vidual mutants, the presence of maternal Kny and Tri proteins 
enables recruitment of GFP-Pk to the cell membrane, but is not 
suffi  cient for its anterior-restricted localization. In contrast, in 
  Figure 4.       Subcellular localization of GFP-Pk 
during C  &  E.   (A, and D  –  G) Confocal images of 
the dorsal mesoderm in live embryos express-
ing GFP-Pk and membrane-RFP (memRFP) at the 
tailbud stage (10 hpf). Dashed lines illustrate 
the boundary between the axial and presomitic 
mesoderm. (B and C) GFP-Pk localization in 
the dorsal mesoderm of the same WT embryo 
at 8 hpf (B) and 10 hpf (C). (H) Quantiﬁ  ca-
tion of GFP-Pk localization at the tailbud stage 
in WT and embryos deﬁ  cient in noncanonical 
Wnt signaling (Materials and methods). (A  –  G) 
Dorsal views. A, anterior; P, posterior; Axial, 
axial mesoderm. Bar, 20     m.     JCB • VOLUME 180 • NUMBER 1 • 2008  228
transient asymmetrical localization of Dsh seen in the medial 
PSM in zebrafi  sh is linked to the polarized intercalation behav-
iors of the PSM cells requires further investigation. 
  Discussion 
  Combining in vivo and in silico approaches, we performed a 
comprehensive analysis of the cellular behaviors underlying the 
C  &  E movements of the medial PSM during zebrafi  sh gastrulation. 
Unlike the adjacent axial mesoderm, where C & E is driven mainly 
by ML intercalation (  Glickman et al., 2003  ), the medial PSM 
C  &  E is achieved by cooperation of multiple cell intercalation 
behaviors: planar medial, radial AP, and coordinated radial/medial 
intercalations contribute additively to tissue extension, whereas 
limiting radial ML intercalation is crucial for convergence. 
The differences in the repertoire of cell movement behaviors used 
in the axial and presomitic mesoderm can account for the distinct 
rates of C  &  E movements previously reported for these two tissues 
(  Wood and Thorogood, 1994  ;   Glickman et al., 2003  ). 
  In addition, we provide quantitative evidence to demon-
strate that in the medial PSM of WT embryos, the radial inter-
calations preferentially separate anterior and posterior neighbors, 
and such anteroposteriorly polarized radial intercalations are 
capable of generating anisotropic tissue expansion. Our data are 
consistent with and extend the previous observation that radial 
intercalations contribute to tissue extension in   X. laevis   explants 
by Keller and colleagues. These authors hypothesized that radial 
mutants, although GFP-Dsh was localized to the cell membrane 
in 60% of the labeled axial mesodermal cells, fewer cells exhib-
ited posterior-restricted GFP-Dsh expression compared with 
WT (  Fig. 5  , C, C    , and G; P   <   0.02). The membrane localization 
of GFP-Dsh was greatly reduced in the axial mesoderm of   tri  
individual mutants (  Fig. 5  , D, D    , and G; P   <   0.03), and largely 
absent in   kny;tri   double mutants (  Fig. 5  , B, B    , and G; P   <   2   ×   
10 
   7  ), consistent with the previous reports that Tri/Stbm/Vangl2 
is required for the recruitment of Dsh to the cell membrane 
(  Park and Moon, 2002  ;   Bastock et al., 2003  ). 
  In the medial PSM, GFP-Dsh localization varied from cell 
to cell. In WT, GFP-Dsh was detected along the cell membrane 
in 65% of the labeled cells, but only 30% of them showed 
posterior-restricted GFP-Dsh localization (Fig. S2). The mem-
brane localization of GFP-Dsh was reduced in the medial PSM 
of the individual mutants and largely lost in the double mutants 
(Fig. S2). Given that multiple dynamic cell behaviors occur during 
the medial PSM C  &  E (  Fig. 2  ), we hypothesize that the posterior 
localization of GFP-Dsh might be a transient event and is cor-
related with specifi  c cell behaviors. Consistent with this notion, 
the posterior localization of GFP-Dsh was more prominent in 
the axial mesoderm where every cell was engaged in ML inter-
calation (  Fig. 5 G  ) (  Glickman et al., 2003  ). During chemotaxis, 
transient and dynamic protein localization occurs at the leading 
edge of chemotactic cells in response to chemoattractants, and 
activates the downstream cellular machinery regulating directed 
cell migration (  Charest and Firtel, 2006  ). In what manner the 
  Figure 5.       Subcellular localization of GFP-Dsh in the axial mesoderm during C  &  E.   (A  –  D) Confocal images of the axial mesoderm in live embryos express-
ing GFP-Dsh at the tailbud stage (10 hpf). (A      –  D    ) Confocal images of the same embryos as shown in A  –  D, but colabeled with memRFP. Histograms of 
the ﬂ  uorescent intensity of the selected cells (*) are shown in the right panels. Green lines represent the ﬂ  uorescent intensity of GFP-Dsh and the red lines 
represent the intensity of memRFP. (E, F, E    , and F    ) GFP-Dsh localization in the axial mesoderm of the same WT embryo. Arrows show that GFP-Dsh was 
mainly localized in the cytoplasm at 75% epiboly (8 hpf) (E and E    ), but became restricted to the posterior cell membrane at the tailbud stage (F and F    ). 
(G) Quantiﬁ  cation of GFP-Dsh localization in the axial mesoderm at the tailbud stage (Materials and methods). (A  –  F and A      –  F    ) Dorsal views. A, anterior; 
P, posterior. Bar, 20     m.     229 COOPERATION OF GASTRULATION CELL BEHAVIORS   •   YIN ET AL.
activity, the asymmetrical localization of Pk and Dsh was com-
promised, suggesting that noncanonical Wnt signaling is neces-
sary for the dorsal mesodermal cells to incorporate the AP 
polarity cues. Non-canonical Wnt signaling has been shown 
to constrain the lamellipodial protrusions to the ML cell tips, 
which is essential for ML cell intercalation (  Keller et al., 2000  ; 
  Wallingford et al., 2000  ). Other reports have connected non-
canonical Wnt signaling with intercellular adhesion (  Ungar 
et al., 1995  ;   Ulrich et al., 2005  ;   Witzel et al., 2006  ), and polarized 
deposition of extra  cellular matrix (  Goto et al., 2005  ), processes 
that also contribute to ML intercalation. We therefore propose 
that in the dorsal mesoderm of the zebrafi  sh gastrula, AP polar-
ity cues activate noncanonical Wnt signaling along the ante-
rior and posterior cell edges. This in turn provides positional 
information to defi  ne the mediolaterally biased protrusive activ-
ity and differential cell adhesions that lead to polarized cell inter-
calations. Although previous studies emphasized the roles of 
noncanonical Wnt signaling in controlling cell shape and orien-
tation, and formation of polarized cellular protrusions, our work 
underscores the signifi  cance of this pathway in defi  ning distinct 
properties of anterior and posterior cell surfaces to bias cell inter-
calations during C  &  E. 
  Materials and methods 
  Zebraﬁ  sh maintenance, embryo generation, and staging 
  The WT,   kny 
m119/+  , tri 
m209/+  ,   and   kny 
m119/+  ;tri 
m209/+     mutant zebraﬁ  sh strains 
were maintained as described previously (  Solnica-Krezel et al., 1994  ). 
Embryos were obtained from natural matings and morphologically staged 
as described (  Kimmel et al., 1995  ). The genotypes of the embryos were 
determined by described morphological phenotypes (  Marlow et al., 1998  ; 
  Henry et al., 2000  ;   Yin and Solnica-Krezel, 2007  ). 
  Time-lapse recording and analysis 
  Embryos were manually dechorinated at 90% epiboly (9 hpf) and mounted, 
dorsal side downward, in 0.8% low-melting agarose in glass-bottomed 
35-mm Petri dishes as described (  Sepich et al., 2005  ). Multi-plane Nomarski 
stacks were collected at 1.5-min intervals for 90 min from 90% epiboly to 
the one-somite stage (10.5 hpf) using Openlab software (Improvision). All the 
time-lapse images were captured using a 40  ×  /1.30 NA air objective 
mounted on a motorized Axiovert 200 microscope (Carl Zeiss, Inc.) 
equipped with an AxioCam digital camera (Carl Zeiss, Inc.), and heated 
stage and chamber to maintain embryos at 28.5  °  C. After the recordings, 
embryos were released from the agarose and allowed to grow in egg 
water until 24 hpf to determine their genotypes. For each embryo, only 
the cells within the intermediate depth of the PSM were analyzed. Object-
Image (Norbert Vischer;   http://simon.bio.uva.nl/object-image.html  ) was 
used to label and track cells. Data were exported to Excel (Microsoft) for 
calculation of the movement speeds and frequencies of different intercala-
tion behaviors. Statistical analyses were performed using two-tailed   t   test. 
  The C  &  E rates were calculated as follows: 
        
  
         
  
         
intercalation should be polarized to produce an anisotropic 
expansion (  Keller and Tibbetts, 1989  ;   Wilson et al., 1989  ). 
In   D. melanogaster,   PCP pathway establishes cell polarity within 
the epithelial sheets (  Adler, 2002  ;   Klein and Mlodzik, 2005  ). 
Likewise, in vertebrates, noncanonical Wnt signaling regulates 
cell behaviors within a plane of mesenchymal or epithelial layer, 
including directed migration of mesenchymal cells (  Jessen et al., 
2002  ;   Ulrich et al., 2003  ), ML cell intercalation (  Wallingford 
et al., 2000  ), and oriented cell division in the neuroectoderm 
(  Gong et al., 2004  ). Our observations that both   kny;tri   double 
mutants and embryos expressing dominant-negative Dsh lost 
the AP bias of radial intercalations provide the fi  rst evidence that 
noncanonical Wnt signaling polarizes cell behaviors between 
different PSM cell layers. 
  Toward identifying the molecular mechanisms underlying 
the anteroposteriorly polarized cell intercalations, we revealed 
asymmetrical localization of two noncanonical Wnt compo-
nents, Pk and Dsh, in the dorsal mesoderm during zebrafi  sh gas-
trulation (  Figs. 4 and 5  ). Strikingly, the anterior localization of 
Pk and posterior localization of Dsh during zebrafi   sh  C & E  are 
reminiscent of the localization of these two proteins to the oppo-
site cell edges in the fl  y wing cells, where Pk exhibits proximal 
and Dsh shows distal distribution (  Adler, 2002  ;   Bastock et al., 
2003  ;   Klein and Mlodzik, 2005  ). Several recent studies provide 
support for the notion that the interactions between noncanoni-
cal Wnt components are conserved between fl  y and vertebrates. 
Similar to the observation in fl  y, in   X. laevis  , Dsh is recruited 
to the cell membrane upon the activation of noncanonical Wnt 
  signaling (  Rothbacher et al., 2000  ;   Wallingford et al., 2000  ). 
Tri/Stbm/Vangl2 forms a complex with Pk at the cell membrane 
(  Jenny et al., 2003  ). Pk in turn inhibits Frizzled-mediated Dsh 
localization to the membrane, likely by moving Dsh from the 
membrane to the cytoplasm, or by directly binding to and degrad-
ing Dsh (  Carreira-Barbosa et al., 2003  ). In combining with these 
results, our fusion protein localization analyses provide strong 
evidence to support the notion that the molecular mechanisms by 
which noncanonical Wnt/PCP pathway regulates cell polarity are 
evolutionarily conserved. Notably, our conclusions on Pk and 
Dsh localizations are based on the overexpression of GFP fusion 
proteins upon RNA injection. Although the low amount of RNAs 
we injected did not have obvious effects on cell polarity, it will 
be important to extend these analyses using antibodies against 
the endogenous zebrafi  sh Dsh and Pk proteins. 
  How does the asymmetrical localization of noncanonical 
Wnt components contribute to the anteroposteriorly biased ori-
entation of cell intercalations? In   D. melanogaster ,  genes  that 
control AP patterning mediate ML intercalation during germ 
band extension (  Zallen and Wieschaus, 2004  ). Similarly, it has 
been proposed that in the   X. laevis   chordamesoderm, graded ac-
tivin-like signaling that establishes AP polarity acts in parallel 
or upstream of noncanonical Wnt signaling to regulate the ori-
entation of ML intercalation (  Ninomiya et al., 2004  ). Our fi  nd-
ing of the asymmetrical localization of Pk to the anterior cell 
edges together with the enrichment of Dsh near the posterior 
cell membrane suggests that an intrinsic AP polarity is also pre-
sent in the zebrafi  sh dorsal mesoderm during C  &  E. In   kny   and 
  tri   individual mutants, as well as in embryos with reduced Dsh 
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an additional event, default planar medial migration, in which cells do not 
intercalate and remain in their original nodes. Although this net medial mi-
gration does not affect the relative position of cells because all cells are 
moving at a uniform velocity, it may bias the motion of neighboring cell 
rearrangements after intercalations occur. 
          Intercalation events.     In time-lapse analyses we observed seven inter-
calation behaviors: planar medial intercalation and planar lateral intercala-
tion in which cells move within a single cell layer, cells leaving the analyzed 
cell layer, and radial AP intercalation, radial ML intercalation, coordinated 
radial/medial intercalation and coordinated radial/lateral intercalation by 
which cells enter the cell layer. We do not include planar lateral intercala-
tion or coordinated radial/lateral intercalation in the simulations because 
they occur at very low frequencies (  <  4%) irrespective of the embryo geno-
type. We subdivide the remaining ﬁ  ve types of intercalation behaviors into 
three lattice events: cells moving within the analyzed cell layer (planar 
medial intercalation), cells moving out of the analyzed cell layer, and cells 
entering the cell layer (radial AP intercalation, radial ML intercalation, and 
coordinated radial/medial intercalation). In each simulation time step, 
each cell has a probability of moving within the cell layer or leaving the cell 
layer, and each node has a probability that a new cell appears. 
        Probabilities of lattice events were deduced from the time-lapse analy-
ses. For example, the time-lapse analyses of the WT embryos showed that 
within the 90-min time scale, the frequencies of planar medial intercalation or 
a cell leaving the analyzed layer were 24% and 21% per cell, respectively, 
corresponding to probabilities of 8% and 7% per time step per cell in the sim-
ulation, respectively. The probability of a new cell appearing within the layer 
is 21%, corresponding to a probability of 0.15% (7%/48) per time step per 
node. Lattice events are implemented according to the following rules: 
  Planar medial intercalation: If a cell is assigned a planar medial inter-
calation event, it will be removed from the chosen node to the immediate 
medial node if the medial node has fewer than two cells. If the medial node 
already has two cells, which is the maximum number of cells a node can 
hold, the cell will remain in its original position and the intercalation behav-
ior will not occur. Because we deﬁ  ne the left edge of the lattice as the axial-
PSM boundary, according to the experimental observation, the probability 
for cells in the left-most column (i.e., y = 1) to undergo medial intercalation 
is deﬁ  ned as 0. 
  Cell leaving the analyzed layer: If a cell is assigned the behavior to 
leave the analyzed cell layer, it will be deleted from the chosen node. 
  Cell entering the analyzed layer: If a node is assigned the behavior of 
a cell entering the analyzed plane, one cell is added to the chosen node if 
the node has fewer than two cells. If the node already has two cells, which is 
the maximum number of cells a node can hold, no new cell will be added. 
    Cell rearrangements.     At the simulation onset, every node of the lattice 
is occupied by exactly one cell. However, in the course of simulation, cell 
rearrangements result in local inhomogeneities. For instance, planar medial 
intercalations and cells entering the analyzed layer produce nodes with 
more than one cell, whereas planar medial intercalations and cells leaving 
the analyzed layer generate holes within the lattice. In the embryo, by con-
trast, we observed a conﬂ  uent cell layer with no holes and rare double oc-
cupancies. To produce a more realistic representation of the in vivo situation, 
we model random cell motions in response to the intercalations, which simu-
lates the way neighboring cells accommodate the intercalating cells. In each 
time step, after all lattice events have occurred, each node is chosen randomly. 
If the value of a node is greater than one, one of the cells in that node will 
move one node medial, lateral, up or down. If the value of a node is less 
than one, a cell from an adjacent node anterior, posterior, medial, or lateral will 
move to ﬁ  ll that node. In the case of no bias, the probability of a cell at a 
high-density node choosing an AP or an ML movement direction is equal (0.5) 
and the probability of a low-density node being occupied by a neighboring 
cell of anterior, posterior, medial, or lateral direction is equal (0.25). 
          Anteroposteriorly biased radial intercalation.     We distinguished 
three types of radial intercalations when a cell entered the analyzed layer, 
based on how they separate the neighboring cells: radial AP or ML inter-
calation, or coordinated radial/medial intercalation, respectively. The dif-
ferent types of radial intercalations are modeled by imposing an AP bias 
in the way cells move away from high-density nodes, which are created by 
cells entering the analyzed cell layer. To model the anteroposteriorly bi-
ased radial intercalation, the probability of a cell at a high-density node to 
move along the AP dimension is assigned the probability B  AP  . In the WT sit-
uation, 35% cell entry occurred by coordinated radial/medial intercala-
tion, 50% by radial AP intercalation, and 9% by radial ML intercalation. 
Accordingly, in the control simulation, the probability of a cell at a high-
density node to move in the AP direction is assigned the probability B  AP   = 
0.90 (B    ap    = (0.35 + 0.50) / (0.35 + 0.50 + 0.09)). 
  PIV analyses 
  Velocimetric assessment of morphogenetic movements was performed as 
described (  Raffel et al., 1998  ). The Nomarski time-lapse images were ana-
lyzed by using the MATPIV software package (J.K. Sveen, University of 
Oslo, Oslo, Norway). In brief, the algorithm ﬁ  rst divides each time-lapse 
image into many small interrogation windows of a few tenths of pixels. 
Each window covers a surface of the scale of 3  –  5 cells. The choice of win-
dow size includes a minimum of cells to deal with tissue behaviors, but 
retaining a local measurement of the velocity. The interrogation windows are 
partially overlapping and differ by the scale of a single cell. Next, for each 
window, the algorithm estimates the best displacement of the window pat-
tern by statistical correlation of two successive frames, which gives an esti-
mation of the velocity vector for the time interval spanned by the frames. 
  RNA microinjections 
  To obtain mosaic expression of GFP-Pk or GFP-Dsh in the embryo, 200 pg 
of RNA encoding membrane-RFP (the Ras membrane-localization sequence 
[CAAX] fused to the C terminus of RFP) was ﬁ  rst injected into the embryos 
at the one-cell stage (  Wallingford et al., 2000  ). At the 16-cell stage (1.5 hpf), 
15 pg of RNA encoding GFP-tagged   D. melanogaster   Pk (  Jenny et al., 
2003  ;   Ciruna et al., 2006  ), or 30 pg of RNA encoding GFP-tagged 
  X. laevis   Dsh (  Rothbacher et al., 2000  ;   Wallingford et al., 2000  ), was in-
jected into one of the blastomeres. A Venus-tagged zebraﬁ  sh Pk1 has been 
recently reported (  Carreira-Barbosa et al., 2003  ). However, due to the low 
ﬂ  uorescent intensity of the Venus protein, we were unable to monitor the local-
ization of Venus-Pk1 in live embryos by injecting 25 pg of synthetic RNA, 
a dose that was shown not to interfere with the ML cell polarity (  Carreira-
Barbosa et al., 2003  ). To achieve ubiquitous overexpression of Xdd1 in the 
embryo (  Wallingford et al., 2000  ), 50 pg of synthetic RNA was injected 
into the WT embryos at the one-cell stage. Synthesis of the RNAs was 
described previously (  Marlow et al., 1998  ). 
  Confocal imaging 
  To visualize the subcellular localization of GFP-Pk and GFP-Dsh, live em-
bryos expressing membrane-RFP and either of the fusion proteins were 
mounted, dorsal side downward, in 0.8% low-melting agarose in glass-
bottomed 35-mm Petri dishes. Confocal z-stacks were collected along the 
dorsoventral embryonic axis at the end of gastrulation (10 hpf) on a LSM 510 
laser scanning inverted microscope (Carl Zeiss, Inc.), using a 40  ×  /1.30 NA 
oil objective with zoom 2. The confocal microscope is equipped with a 
heated stage and chamber to maintain the embryos at 28.5  °  C. Three-
dimensional projections were made from the z-stacks so that the localization 
of GFP signal within the entire cell body could be visualized. Images were 
processed using Volocity (Improvision). The cell length-to-width ratio was 
measured by using Object-Image. The orientation and angular deviation 
were analyzed using VectorRose (P.A. Zippi;   http://pazsoftware.com/  ). 
The histogram of green (CY2) and red (CY3) ﬂ  uorescent intensity was mea-
sured using LSM Examiner (Carl Zeiss, Inc.). To investigate the correlation 
between the ML cell elongation and the localization of GFP-Pk and GFP-
Dsh, confocal images of the dorsal mesoderm in four live WT embryos that 
mosaically expressed either fusion protein were collected at 8 and 10 hpf. 
  Computational modeling of the cell intercalation behaviors during C  &  E 
    Modeling design.     To analyze the contributions of individual intercalation 
behaviors to the C  &  E movements of the medial PSM, we generated a com-
putational model using the Matlab software package. We model cells in a 
single cell layer as occupied nodes of a two-dimensional 6   ×   8 lattice. 
Each cell occupies a unique node (x,y), where x refers to a speciﬁ  c row 
and y refers to a speciﬁ  c column. The left side of the lattice is deﬁ  ned as 
the axial-PSM boundary and we refer to this side as medial. The value of 
each node represents the number of cells occupying the node:   “  1  ”   for one 
cell,   “  2  ”   for two cells, and   “  0  ”   for an empty space. The maximum number 
of cells occupying a node is two. Referring to the frequencies with which 
different intercalation behaviors occurred during the time-lapse recordings, 
30 min is the approximate time scale over which at least one cell intercala-
tion event occurs. Therefore, we deﬁ  ne three time steps in the simulation, 
each representing 30 min, in which intercalation events and subsequent 
cell rearrangements occur. 
          Net dorsal migration.     Our time-lapse analyses showed that the 
entire analyzed cell population moved toward the axial mesoderm. No other 
cell rearrangement was observed at the cell positions where cells moved 
medially without the intercalations described in the text. Because all cells 
are moving together, there is no net relative motion between cells. In the 
simulation, we assume that every cell moves medially at the same speed 
unless it is chosen to undergo a certain intercalation behavior. We deﬁ  ne 231 COOPERATION OF GASTRULATION CELL BEHAVIORS   •   YIN ET AL.
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          Medial preference.     During planar medial intercalation, the intercalat-
ing cell leaves a hole in the lattice. Our time-lapse analyses showed that lat-
eral neighboring cells often ﬁ  lled the holes generated by medial intercalation 
events. Thus, we introduce a medial preference to ﬁ  ll in lattice holes. In WT, 
there is a 96% chance a hole will be ﬁ  lled by the lateral neighbor. Corre-
spondingly, the value of medial preference is 0.96 in WT. In   kny;tri   double 
mutants, the value of medial preference is 0.88. When a cell leaves the an-
alyzed cell layer, it also generates a hole in the lattice. According to the in 
vivo observations, cells exited the analyzed layer from between either their 
AP or ML neighbors at similar frequencies. Therefore, in the simulation, we 
assume that after cell exit events, the holes will be ﬁ  lled by the anterior, pos-
terior, medial, or lateral neighbor at equal probabilities (0.25). 
          Modeling the contributions of individual cell intercalation behaviors 
to C  &  E.     To investigate the contributions of different cell intercalation behaviors 
to C  &  E, we increase or decrease the probability of one cell behavior at a time 
while keeping the probabilities of other intercalation behaviors unchanged. 
Meanwhile, we modify the probability of   “  no intercalating  ”   events so that 
the sum of the probabilities of all cell behaviors will always remain 1. 
          Data analyses.     We quantiﬁ  ed the tissue shape changes by measur-
ing the rates of C  &  E. For each condition (WT control simulation or simula-
tions with the modiﬁ  cations of individual behaviors), 20 simulations were 
performed. The number of simulations required to evaluate the difference 
between the control and modiﬁ  ed situations was determined by the condi-
tion of a vanishing variation of the calculated average with respect to the 
number of computer runs. The raw data were exported to Excel (Microsoft) 
for calculation of the average values and standard errors. Statistical analyses 
were performed using two-tailed   t   tests. 
        Online supplemental material 
  The supplemental material includes two ﬁ  gures and four videos. Fig. S1 
shows that the amount of GFP-Pk and GFP-Dsh expressed had no detect-
able effect on the ML elongation and orientation of the labeled cells. 
Fig. S2 shows the subcellular distribution of GFP-Dsh in the medial PSM 
at the tailbud stage. Video 1 is an animation demonstrating the planar 
medial intercalation and lateral intercalation. Video 2 is an animation demon-
strating the three types of radial intercalations by which cells enter the 
analyzed cell layer. Video 3 is an animation demonstrating the radial 
intercalations by which cells leave the analyzed cell layer. Video 4 is a 
time-lapse recording showing the dynamic localization of GFP-Pk puncta 
(green) at the anterior cell edges in the dorsal mesoderm of a live WT 
embryo that also expressed membrane-RFP (red). The confocal images 
were collected at 1-min intervals for 40 min, starting from 9.5 hpf. 
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.200704150/DC1. 
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